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Introduction
At the core of the nuclear envelope (NE) is a double membrane system. One half of this system, the inner nuclear membrane (INM) faces the nucleus and contains many integral membrane proteins (1-3) . Most of these appear to be type II integral proteins and several have been shown to bind chromatin (4, 5) and/ or the intermediate filament lamin polymer that lines the INM (6). The lamin polymer can also interact directly with the membrane via a farnesyl group at the C-terminus of B-type lamins (7) and a GNAERG group at the N-terminus of lamin C2 (8). The other half of this membrane system, the outer nuclear membrane (ONM), faces the cytoplasm and, studded with ribosomes, is clearly a subcompartment of the endoplasmic reticulum (ER) (9, 10). It contains some unique proteins that appear to connect the NE to cytoplasmic filament systems (11). These two lipid bilayers connect at the pore membrane (PoM) where they flow around the nuclear pore complexes (NPC), large macromolecular assemblies that regulate the directional trafficking of soluble molecules between the nucleus and cytoplasm (12, 13) . Recent work suggests that the NPCs actively regulate trafficking of transmembrane proteins as well (14) . Between the ONM and INM is the lumen of the NE, which may also contain unique proteins or functions: for example most of the mass of the integral NPC protein gp210 resides in the lumen (15) . Together the ONM and associated transmembrane proteins, PoM and associated transmembrane proteins, lumen and associated proteins, INM and associated transmembrane proteins, and the connected lamin polymer constitute the NE.
Because of its inherent inner complexity and outer connectivity the NE cannot be purified to homogeneity, complicating efforts to identify the full complement of 5 NE proteins. We developed a subtractive proteomics approach specifically to identify membrane proteins unique to the NE. As there are no expected contaminating membrane structures within the nucleus, the major expected contaminant would be ER membranes: indeed single membrane vesicles likely to have been derived from vesiculated fractionated ER are observed in NE preparations by electron microscopy (16) . Therefore, proteins appearing in both NEs and a separately analyzed ER fraction are discarded from the dataset (16). In contrast, contamination from soluble proteins could come from the ER, cytoplasmic filaments, or the nucleoplasm; thus it is not possible to choose a single contaminating fraction for subtraction. The ER-rich fraction was obtained by using standard protocols for purification of microsomal membranes that are made completely free of nuclear membrane because the large intact nuclei are readily pelleted before membranes are floated on sucrose cushions (17, 18) . NEs are prepared by first isolating nuclei (19) , then douncing to vesiculate other membranes that are removed by floating on sucrose cushions, and finally digesting chromatin to remove nucleoplasmic contents (20, 21).
To enrich for transmembrane proteins, NE and microsome fractions are extracted with either alkaline solutions (16) or chaotropes (22) , which should solubilize cytoskeletal and chromatin components/ contaminants while leaving transmembrane proteins embedded in the insoluble membrane. To enrich for proteins associated with the intermediate filament lamin polymer NE fractions were extracted with salt and detergent, as the lamina (lamins and interacting transmembrane proteins) is defined biochemically by its general insolubility at NaCl and Triton X-100 concentrations of up to 1 M and 2% respectively. Detergents solubilize membrane proteins by mimicking the lipid-bilayer environment. At low concentrations they integrate into the lipid bilayer, but as the bilayer becomes saturated the membrane 6 disassembles to form mixed micelles. There is no general rule for which type of detergent is optimal to extract a particular membrane protein or type of membrane protein; thus one detergent may extract a subset of both contaminants and NE proteins while another may extract a different subset of both. Indeed, extraction characteristics differ even among lamin subtypes (23). The variability in what each chemical extracts is highlighted by the minimal overlap between the proteins identified using alkali extraction and those identified using salt/ detergent extraction, yet proteins in both datasets were strongly predicted to contain membrane spanning segments by computer prediction and concentrated at the NE when tested by transient transfection of tagged versions (16).
To minimize loss of membrane proteins that often do not resolve well on gels 3. Buffer C: 500 mM ammonium acetate, 5% acetonitrile, 0.1% formic acid, made with HPLC grade water and filtered.
Analysis of MS/MS Dataset
Linux Computer cluster (over 100 nodes) dedicated to SEQUEST analysis.
Determination of Transmembrane Proteins
Many computer algorithms that can be used to predict transmembrane proteins are freely available online and discussed elsewhere in this volume. Those we typically use are listed: 1. TMHMM "http://www.cbs.dtu.dk/services/TMHMM-2.0/" 2. TMPred "www.ch.embnet.org/software/TMPRED_form.html"
Methods
The first step in NE enrichment is the isolation of nuclei from other cellular proteins and membranes. Factors critical to this process are the size ratio of nucleus to cytoplasm, the concentration of cytoplasmic filament systems, and nuclear density, which all vary among different tissues. The protocol described here is one we have optimized for purifying NEs from human blood leukocytes (generally 60-80% lymphocytes) (see Note 10). We generally recover ~65 million NEs from one buffy coat (~100 million leukocytes; see Note 11).
Preparation of Blood Lymphocytes
1. Buffy coats are obtained from a blood bank according to local permissions and protocols. If dealing with more than one buffy coat at a time it is important to keep them separate until Sect. 3.2.7, otherwise the mixed lymphocyte activation response can rapidly alter expression profiles and cells may aggregate, forming rosettes.
2. Open six 50 ml conical tubes (e.g. Falcon™ Conical Centrifuge Tubes, 50 ml capacity) in a laminar flow cabinet/ tissue culture hood (see Note 12).
3. Wipe scissors and blood bag with 70% EtOH. Cut one of the strands of tubing coming from the bag while holding upright. Tilt end of tube over first 50 ml conical tube and pour 12.5 ml into each tube using tilt angle to regulate gravity flow. 4 . Dilute blood with 4 volumes PBS (50 ml total per tube that has a full 12.5 ml of blood). Calculate the total volume and divide by 15: this gives the number of tubes required for step 5. 10. Resuspend each pellet in 25 ml PBS, combine (two tubes into one), and centrifuge at 250 x g for 10 min at RT (see Note 16).
11.
Resuspend each pellet in RPMI medium and transfer into 75 cm 2 tissue culture flasks (see Note 17).
12.
One buffy coat will generally yield ~120 million leukocytes and can be seeded at between one and ten million cells per ml.
Preparation of Nuclear Envelopes
1. Count cell number and pellet (in 50 ml tubes) at 250 x g for 10 min at room temperature (see Note 18).
Carefully and completely decant supernatant and resuspend the pellet from each
blood pack from step 1 in 0.5 ml ice cold PBS by gentle agitation (see Note 19).
Accumulate so each tube has ~25 million cells and add additional PBS to 30 ml (see
Note 20).
3. Withdraw a 10 µl sample for microscopic analysis, then pellet the rest at 250 x g for 10 min at 4°C. 
Balance the tubes by exchange between the upper nuclei-enriched lysate phase
and spin in the SW28 rotor for 2 h at 82,000 x g (25,000 rpm).
11. Move to a cold room and remove any floating white material with a spatula, then pour off the rest of the supernatant by rapid inversion. Keep the tubes upside down in the cold for 10 min to drain them. Then gently wipe out the inside walls of tubes with a folded kimwipe (or equivalent towel), being very careful not to touch the pellet (see 
21.
Aliquot the NEs to centrifuge tubes (chosen for desired storage method and concentration) and spin at 6,000 x g (5,000 rpm) for 10 min (no cushion) at 4°C (see Note 29). 22 . Carefully aspirate the supernatants and immediately flash-freeze in liquid nitrogen and store at -80°C.
Microsomal Membrane Purification
Because lymphocytes have very little cytoplasm to produce microsomes, we instead used the HL-60 human cell line that can be induced into different blood cell lineages.
Treatment with phorbol esters induces differentiation into megakaryocytes with associated attachment and spreading of the cells. We predicted that this would produce microsomes in sufficient quantity while being largely similar in protein composition to the lymphocyte ER.
1. Seed 1 x 10 7 HL-60 cells per 10 cm tissue culture dish. 
Chemical Extractions
It is wise to check an aliquot of the NE preparation by Coomassie blue stained SDS- 4. Either freeze at -80°C or directly process for mass spectrometry.
Extraction with salt and detergent
1. Resuspend NE pellet in any salt/ detergent buffer at no more than 10 million NEs/ ml and incubate on ice for 15 min with occasional mixing.
2. Pellet by centrifugation at 20,000 x g (~14,000 rpm) in a cooled microcentrifuge for 30 min and decant supernatant.
3. Wash the pellet with the same buffer minus detergent, re-pellet, and either freeze at -80°C or directly process to digest for mass spectrometry.
Chaotrope extraction
1. Resuspend the pellet in chaotrope buffer and incubate on ice for 15 min.
2. Pellet the insoluble material in a TLA100.3 table top ultracentrifuge rotor or equivalent at 104,000 x g (50,000 rpm) for 35 min at 4°C.
3. Wash the pellet with double distilled H 2 O and either freeze at -80°C or directly process to digest for mass spectrometry.
Digestion of Proteins
As described in (26), the membrane pellets were first partially solubilized in formic acid and cyanogen bromide to chemically cleave large portions of proteins, before digesting these larger peptides with endoproteinase Lys-C and trypsin.
1. On day one, resuspend the dried membrane pellets in 100 µl of CNBr at 500 mg/ml in 90% formic acid, mix by pipetting and leave under a fume hood overnight in the dark (for example, in a cardboard freezer box). 21 2. On day two, transfer 100 µl of partially solubilized membranes to a 15 ml conical tube on ice (see Note 36), and add NH 4 OH drop by drop to neutralize formic acid until there is no more bubbling and the pH is ~8.5 (check after every 100 µl added with 1 µl using pH indicator strips). Once the appropriate pH is reached, the sample can be transferred back to a 1.5 ml tube. The final volume should be around 500 µl, i.e. a 3-to 5-fold dilution.
3. Add solid urea to 8M (taking into account the fact that adding urea will cause the volume to increase to about 800 µl) and then add TCEP to a final concentration of 5 mM. Allow the reduction to proceed at room temperature for 30 min, then add IAM to 20 mM, and let the carboxiamidomethylation of free cysteines proceed for 30 min at room temperature in the dark. 6. On day three, quench the reaction by adding formic acid to 5%. Either store the peptide mixtures at -20°C or load directly onto microcapillary columns.
Microcapillary Column Preparation
The large final sample volume (3 x 1150 µl) would take a very long time to load onto traditional 100 µm columns, so we use the "split" column approach (Figure 6 3. Pack first with 3 to 4 cm of Partisphere SCX, followed by 2 to 3 cm of Aqua RP. 4. Wash with methanol for at least 10 min. 3. Engage a 12-step chromatography run (24 h) on samples with the gradient parameters described in Table 1 . In such sequences of chromatographic events, peptides are sequentially eluted from the SCX resin to the RP resin by increasing salt steps (increase in Buffer C concentration), followed by organic gradients (increase in Buffer B concentration). For the last chromatography step, wash in high salt with 100% Buffer C, followed by the acetonitrile gradient (repeated twice). 4. Apply a 2.4 kV voltage to the eluting peptides via a gold wire connecting the microtee and the mass spectrometer.
Equilibrate in buffer A for at least 30 min.

Off-Line Loading and Desalting
Multidimensional Chromatography Coupled to Tandem Mass Spectrometry
Tandem Mass Spectrometry
Chromatographic gradients and MS/MS data acquisition are controlled by the Xcalibur TM data system. For runs performed on LCQ-Deca tandem mass spectrometers, the acquisition scheme is a cycle of one full MS scan (from 400 to 1600 m/z), followed by three MS/MS events at 35% collision energy on the top three most intense ions. Dynamic exclusion is enabled for 5 min, allowing ions of lesser 24 intensities to be analyzed. This cycle is repeated continuously throughout the chromatography. One RAW file is generated for each chromatographic step and needs to be converted into a dat file using the XCalibur file converter function. 3. Bring together the peptide information contained in the SEQUEST output files and organize these into protein level information using DTASelect (29). DTASelect is also used to select and sort peptide/spectrum matches passing the criteria defined in Table 2 . In particular, the validity of peptide/spectrum matches is assessed using the SEQUEST-defined parameters, cross-correlation score (XCorr) and normalized difference in cross-correlation scores (DeltCn). Spectra/peptide matches are only retained if they have a DeltCn of at least 0.08 and minimum XCorr of 1.8 for singly-, 2.5 for doubly-, and 3.5 for triply-charged spectra. In addition, the peptides have to be at least 7 amino acids long and the preceding residue in the protein sequence has to be a methionine, an arginine or a lysine (to account for the combined cyanogen bromide/trypsin digestion protocol).
Analysis of MS/MS Dataset
Compare protein lists from multiple runs using CONTRAST (29). Although some
argue that at least two peptides should be recovered for higher confidence, we allow single peptide identifications in the final dataset because some well-characterized NETs were also detected by single peptides in previous studies, likely indicating their lower abundance (16).
Additional utilities of DTASelect/CONTRAST are used to create subset databases
in Fasta format containing only the proteins in the final list and to generate tabdelimited text files that can be consolidated into relational databases using MSAccess.
Determination of Transmembrane Proteins
Use Fasta format protein sequence files to search for predicted transmembrane segments using various algorithms. These are detailed elsewhere in this volume (see Note 39).
Notes
In section 3.2.2 the number of leukocytes aliquoted for each Dounce step should be
correspondingly altered if a smaller or larger Dounce homogenizer is used.
MgCl 2 concentration in the original procedure was 5 mM throughout; however if
NEs are being prepared for viewing by electron microscopy, dropping the concentration through most of the procedure to 0.1 mM will yield better structure. If this is done, the MgCl 2 must be increased back to 5 mM, or to 2 mM with 0.5 mM CaCl 2 as we use, during DNase and RNase treatment for the enzymes to function properly. 26 3. This may seem counter-intuitive as the goal of the procedure is to degrade both RNA and DNA, but these enzymes are commonly prepared from bovine pancreas and therefore may have contaminating proteases unless recombinant proteins are used. 4 . The optimal protease inhibitors will vary according to the tissue being investigated; so it is important to search the literature to determine what proteases are present at high concentrations in the tissue of choice. The choice for blood covers a wide general range (inhibiting serine, trypsin, cysteine, and aspartic proteases), but also includes coumarin which inhibits granzyme B which is particularly abundant in blood cells.
5.
We had traditionally used PMSF (phenylmethylsulfonyl fluoride) because it is much less expensive and large volumes are needed for the procedure. However, we have found that some batches tend to precipitate and form crystals when added to the solutions and when this happens we have observed nuclei/ NEs aggregating on these crystals under the microscope. Thus, if using PMSF crystal formation should be tested for each batch prior to its use in the procedure. When used, it can be added from a 100 mM stock in EtOH.
6. If general protease cocktails are used, it is important to make certain that they do not contain EDTA as this has been reported to negatively affect NE preparation.
7. The solution can be prepared by adding 220 ml of a 2.5 M (85%) sucrose stock to 12.5 ml 1 M HEPES, 6.25 ml 1 M KCl, 1.25 ml 1 M MgCl 2 , and 10 ml H 2 O. 8 . Phenomenex now recommends the use of "Synergi Hydro-RP as an improved alternative to Aqua 125Å". 9. Bulk material is not available. The resin is extracted from the HPLC column (cut in half with hacksaw), washed with methanol, dried, and stored as a powder. 27 10. Chapters detailing modifications of the NE protocol for rodent liver and muscle are being prepared for other volumes in the Methods in Molecular Biology series. 11. As with most protocols there is an optimal middle ground with too little or too much starting material resulting in lower yields. Because of the timing of centrifuge steps and layering gradients, one person can only easily manage two buffy coats at a time; however, four can easily be processed in a day in two sets. It is useful to increase the total number of blood packs used for a NE prep as it is difficult to see the nuclear pellets after pelleting through the sucrose cushions, but the use of too much starting material can saturate the sucrose gradients. The maximum capacity of the SW28 rotor used in this procedure would be approximately eight buffy coats.
12. This is an excess to ensure that a sufficient number of tubes are open to accommodate the volume in the bag (which is variable); only four are usually required. 13 . It is helpful when layering to tilt the tube at a 45° angle and direct the pipette tip at a right angle to the side of the tube so that the force of the flow is distributed over a wide area of the wall of the tube.
14.
Sometimes the cells will be clumped and sometimes also have a red tinge.
Neither invalidates the prep. However, if cells are in large clumps extra care should be made to disrupt them when resuspending, or rosette formation may occur in the next pelleting step and reduce yields. The red tinge is due to erythrocyte contamination: if it is critical to remove all erythrocytes, then another ficoll gradient may be engaged after washing the cells with PBS and pelleting. 15 . The supernatant will appear cloudy: this is because it is dense with platelets and does not reflect a loss of leukocytes/ lymphoctyes. 16 . If the supernatant still appears cloudy, this step can be repeated. 28 17. The pellet resuspends with less clumping when using a small volume (i.e. 5-7 ml) before transferring cells into 75 cm 2 tissue culture flasks.
18. If processing bloods from multiple donors, it is important to keep each blood separate until after the hypotonic lysis. 19 . Care must be taken to remove as much supernatant as possible in order to reduce highly concentrated proteins from serum that could block swelling in step 4.
20. The cells are distributed thus, so each tube can be successively resuspended in hypotonic lysis buffer in step 4 to maintain an identical swell time for each douncing. 21 . As many protease inhibitors are short-lived, it is important to add them fresh to buffers shortly before use throughout the procedure. 22 . We have noted that each blood takes a different amount of time for the cells to swell. Thus 10 min is a guideline, but not an absolute. 23 . It is important to stagger the pellets because protracted incubation of the cells in hypotonic buffer will also lyse nuclei. 24 . This serves to stabilize the nuclei as otherwise they also will swell and lyse during the subsequent steps, particularly the long incubation in the sucrose gradients. 25 . The 50 ml volume assumes that cells from 1-2 buffy coats are being processed. If more are being processed, the pellets should be resuspended so that (based on initial cell counts and assuming full recovery thus far) no less than 50 million and no more than 200 million nuclei are loaded per SW28 tube (25 ml). 26 . Contaminating ER and other membranes that are rich in proteases have floated in the sucrose away from the nuclear pellet and these now line the walls of the tube.
Therefore it is important to avoid contact between the protease rich walls and the pellet. It is also important to keep the tubes inverted in the cold room after pouring 29 off the supernatant until the sides can be wiped in order to prevent the remaining film collecting by gravity in the bottom of the tube. 27 . It is very important to use a swinging bucket rotor when spinning through the sucrose cushion at this point in order to float any chromatin that is released away from the NEs. In a fixed-angle rotor the cushion will be distributed thinly and NEs will have more chromatin contamination.
28. The supernatant may appear slightly cloudy, but this is mostly chromatin that has been ejected and should give a dark, worm-like appearance under the microscope quite distinct from NEs.
29.
Faster speeds with shorter times may be used in microcentrifuge tubes provided that the NEs are not intended for ultrastructural analysis.
30. The pellet here will typically be much larger than the nuclear pellet. 36. Tansfering from an 1.5 ml eppendorf tube to a larger volume tube is to avoid losing sample during the bubbling that occurs because of the neutralization process. 37. At this step, because of the large volume (~850 µl), the sample will have to be split into three aliqots of ~1150 µl in 1.5 ml eppendorf tubes.
38. This makes for a pretty redundant list of proteins, but not all protein sequences have been predicted in the annotated human genome and sometimes missing proteins will appear in another related organism.
We have used TMHMM since the second version has become available, but used
TMPred earlier because the first version of TMHMM failed correctly to predict several of the well-characterized NETs. It is wise to compare the results from different algorithms and to search for multimers of beta barrels as well as transmembrane helices. Nuclei make the greater part of cell mass. B. The same cells after swelling in hypotonic lysis buffer. Note that some cells have burst even without Dounce homogenization. It is critical to Dounce the cells quickly at this stage and make the solution isotonic or the nuclei will also swell and burst. 40 * X is equal to 5, 10, 15, 20, 30, 40, 50, 60 and 80 % C is steps 2 through 10, respectively. 
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